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TliE e f f e c t s of imp ac t a n d s u d d e n l o a d i n g on b e a m s .
■ .
The resistance to the impact of falling bodies has long, 
been recognized as an important property of constructive materials.
However, the principles and laws governing such phenomena have
*
never been clearly enough understood to malce the resistance of
!nmaterials to impact the principal guide in designing or, selecting
A
materials.
The fundamental idea of the resistance of materials under 
impact was announced by Thomas Young in 1807. He said: “The action 
which resists pressure is called strength, and that which resists
impulse may properly be called resilience”. Resilience is then
'
the capacity of a body to resist applied work; or it is the inter­
. •
nal work developed in the structure by the energy of a moving body
. 'and is equal to the product of the two factors stress and defor­
mation.
If then resilience is equal to the product of stress and de*- 
formation, the question arises are the deformations'under impact 
proportional to the stresses as in the case of static stresses.
In other words,- does the coefficient of elasticity remain the-same. 
If it does, then the theoretical values for deformations should 
agree with results obtained by experiments.
Wishing oo tesb the above law and to secure matter for a
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thesis, I decided to make an investigation of the offsets of impact 
and sudden loading on beams. Tests of beams was chosen in prefer­
ence to direct tensile or compressive tests, because greater de­
formations can be obtained for the same unit stress, and hence any 
error In measuring the deformation will be proportionately smaller, 
A brief review of the latest Impact tests will first be given 
to show the conclusions reached, and to show some of the defects 
of the methods of making such impact tests.
The best history of the resistance of materials under impact 
is given by Professor Mansfield Merriman in an address delivered 
before the American Association for the Advancement of Science.
The address is published in full in the Engineering Hews, August 
16, 1894. A large portion of it is given in Merriman’s Mechanic’s 
of Materials, Chapter IX. Professor Merriman reviews the develop­
ment of the subject from the time of Young in 1807, to the present
■
time. As every writer upon impact tests has given a review of the 
early experiments, I shall confine myself to those of late years.
Colonel Maitland showed in 1887 by many experiments on tension 
specimens subjected to a number of blows of a falling ram that the 
ultimate elongation was greater than for static tests, sometimes 
being nearly double. He also exploded powder and gun cotton 
between two cylinder heads joined together by a rod which he
wished to test, and by tliis test found the ultimate elongation 
was 'more than double than that for static stresses, rlis experi­
ments were made upon gun steel^and the ultimate elongation found 
was from 47 tp 62 per cent in eight inches. Maitland concluded 
that this increase of ultimate elongation is due to the specimens 
stretching throughout their entire length, instead of locally as
in a static test. ■ •
P. ft. Dudley since 1890 has been carrying on impact tests of 
stool rails as Scranton, Pa. Although none of his results has 
been published, he has stated that the results indicate that the 
deflections are proportional to the height of drop instead of to 
the square root of the height as in the ordinary formula for 
deflections within the elastic limit. It is expected that his 
experiments will throw much light upon the usefulness of impact 
tests in judging the qualities of steel.
In the winter of 1892 and 1393 Mr. E. D. Estrado of Pitts­
burg, Pa., conducted an extended series of experiments ofi the 
resistance, of iron and steel to impact, using for the purpose a 
machine of his own invention. This machine applied the impact as 
direct tension to iron and st&el specimens 8 inches in length by 
5/8 of an inch in diameter. The hammer weighed 100 pounds, .and 
the height of the drop varied from one to twenty-five feet. As 
no drop less than one foot was used, the specimens were strained
beyond the. elastic limit at the first blow (if the specimen receiv­
ed the full energy of the hammer); but as there was no permanent 
set after such a blow it is evident that most of the energy was 
taken up before reaching the specimen. His results may be used 
only in comparing the material broken in the machine the same
drops, since it would be impossible to tell what proportion of the 
blow was lost with the different drops. As the specimens were 
always strained above the elastic limit, the results show nothing 
as to the laws governing the behavior of materials under impact.
Tn Proceedings of American Society of Civil Engineers, Vol.
23, pp. 550-577, is an account of a series of impact tests on 
beams of various materials conducted by S. Bent Russell of St.
Louis. Mr. Russell used a wight dropping as a pendulum against 
beams of 8, 12, 16, 20, and 24 in. span. The only result sought 
was the ultimate resilience of the beams, the energy taken to break
the beam being obtained from the weight of the hammer, the freight
'through which it fell, and the distance to which it would rise after
breaking the heam. A correction is applied for friction but the
,
. . .energy lost through the impact of non-elastic bodies is neglected.
Por beams of such short spans as the shorter ones used by Mr. 
Russell, the ordinary laws for deflection will not hold, owing to 
the effect of vertical shear which in short beams becomes very
important. The work of vertical shears in such short beams is
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often equal to or more than the work of flexure. The value of the 
^periments would have been greatly Increased If the actual deflec­
tions for the different blows had been observed,- giving data on the 
laws governing deflections, and this would .also have enabled him 
to determine the elastic limit under impact. .
When this thesis was begun, there was no machine 
for making- impact tests in the'Laboratory of Applied Mechanics. 
However, soon after, a Keep’s Impact Machine for Cast Iron was pur­
chased. As this could be used only for amall cast iron beams, 
it became necessary to design a machine for testing wooden and 
steel beams.
The three most essential points of such a machine are: 
i.— Stability; 2.--Minimum friction of moving parts; 3.— An auto­
matic recording device. An elevation and section of the machine 
designed and used is shown in Plate I, and a blue print from a 
photograph of the machine ready for experimental work is shown in 
Plate II. A bed-piece of two 5-inch channels placed 2 1/2 ins. 
back to back rests on two wooden horses. The blocks A and 3 which 
support the knife edges can be shifted along the bed-piece for use 
with different length of beams. Prom the center of the specimen
the clevis U is suspended by the pin over the beam. Prom this 
clevis the bolt II extends down between the channels and through
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the head of the yoke (K) which carries the platform and load. The 
tripping device is the plate M, which has a hole large enough to 
admit the yoke (K) and the catch (C). When the yoke is raised 
through the plate (M), the catch (C) is shoved in under the head of K 
until it touches the bolt (FjL 3y suddenly removing (C), the yoke 
drops until the head strikes the nut on (F). The point of impact 
contact is then between the yoke (K) and the nut on the bolt (F).
The height of the fall is regulated by raising and lowering the 
nut on (F).
The recording device consists of the cylindrical drum (D) 
attached to the bed piece. This is revolved about its axis by a 
cord connecting with the line shaft of the laboratory. A brass 
recording arm is attached to the center of the beam and carries a 
pencil point which records the deflections of the beam upon a paper 
fastened around the drum. It records the deflections at each vi­
bration and gives the length of the vibrations to a natural scale.
The advantages claimed for this machine are as follows: Com­
pared with the dropping ram, it has less friccion than can possibly 
beobtained by dropping a ram down guides. The load being below 
and free to fall vertically, an adjustment of the beam to the cen­
ter of the clevis by means of the two small set screws causes the 
center of gravity of the load to fall directly under the center of
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the beam, thus avoiding any twisting or eccentric forces. Compared 
with the swinging weight or pendulum, it gives the static deflec­
tions for each load on the same paper as the impact deflections 
and it is more simple to construct.
As it is impossible to get two pieces of wood exactly alike, 
it was decided to determine the coefficient of elasticity for each 
beam before making the impact tests. This was done by placing a 
straight edge above the beam and measuring the deflections due to 
static loads. The deflections were measured at the middle and a# 
each of the quarter joints with wedge scales reading to hundredths 
of a centimeter. The mean deflection for 25lbs. was obtained by 
dividing the deflection for 50 lbs. by 2, that for 75 lbs. by 3, 
etc., and averaging the results. A substitution in the formula,
gives the coefficient of elasticity, when 
E i coefficient of elasticity;
P -, load at center -, 25 lbs;
1 -, length of beam in inches;
T -, moment of inertia of cross-section; ....
A  deflection due to load P.
The values of E are given in Table No. 1 for each of the wooden
beams.
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After making the observations for E, the nut on the bolt was 
raised until it just touched the yoke when the latter was supported 
by the catch. Then by removing the catch a sudden load was applied, 
giving the case of impact when the height of fall equals zero.
B©fore removing the catch, the drum was started revolving, when 
the pencil would record a straight line, on the p iper, which would 
be the line for zero load from which all deflections would be 
measured. After the load is dropped hnd the vibrations have ended, 
another line parallel to the zero load line is recorded, which 
gives the static deflection. The yoke and load were then raised 
until again supported by the catch; the nut was lowered 1/8 inch 
and the experiment repeated. Similar experiments were made .for 
drops increased by 1/8 inch each time Until the stress developed 
was near the elastic limit. The load was then increased by. 25' lbs.
and records of the deflections were obtained for drops varying by 
1/8 inch each time until the elastic limit was reached.
These experiments were thus made within the elastic limit and 
can be used to determine the laws governing the deflections of
/V
beams under impact. These experiments were made upon^white pine 
beams of different lengths. The results were platted and compared 
with the values for the deflection of beams under impact as cal­
culated by the furmula given in Merriman’s Mechanics of Materials,
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p. 253.
r_ A  f  K  \/HSEZ“7 7& -  L  5 8 V A  c ^ / O
£ -, deflection due to impact of load P.
^  ^ “ “ “ static “ P.
h -, height of drop in inches.
0. ji 17/35, a constant due to inertia of beam, 
wK p , ratio of weight of beam to P.
After these experiments had been made and the results worked 
up, it was found that this formula neglected both the inertia and 
the work done by a dead, load of nine pounds at the. middle of the 
beam formed by the U clevis and bolt. The neglect of the inertia 
gave too large values for the deflection, but the work of this dead, 
load would tend to increase the results. After making both correc­
tions it was found that the above formula gave too large results. 
Observations on the results of the recording device compared with 
the deflections measured with accurate wedge scales showed that it 
gave too large records owing to the spring of the Icing arm first 
used.
The recording arm was shortened and adjusted to record cor­
rectly, and new experiments wore made on white pine beams Nos. 15 
and 16 and steel beam No. 1. The theoretical values of the deflec-
-lo­
tions of these beams under impact were calculated by the formula
s -
3 ^ deflection due to impact of load P.
A  i “ “ “ static “ P.
h -, drop in inches.
VP -, dead load on center of beam.
W weight of beam.
<1 i 17/35, constant due to inertia of beam.
» A./
K -
In deducing the above formula the internal work and the exter 
work are equated as follows: Lotting X  be the static deflection
caused by Yf and W ’ and Q, the static load gradually applied which 
will produce the deflection B-t-X , then, since deflections are 
proportional to loads producing them, counting the deflection 
produced by W as five eighths of that caused by a concentrated
load at the middle, •
A  -
n - P (%-f A-)
1/2 Q,(X t S) internal work. r"~ '
Putting for Q, and A their values in terms of P and A  gives
“ 11 ■
'A /a q(A^8) i/ 2 4  §  + W ' * J
This must equal the external work done by P, W, and W ’. At the
■
instant before contact the weight P has the velocity v and the 
weight VP and the beam are at rent; when the contact in complete 
P, VP and the center of the beam are moving with the common veloc­
ity V, and any element of the beam dW in moving with the velocity 
u, and the combined energy ofP, W ’ and W then is
f+ J 2JK - p V t  v V ' V 2- ' '2_r 3 +  ~ s r f  ■+ '  p J
= cr
and thin in the energy which in effective in producing the deflec­
tion in horizontal impact.
The condition for the impact of elastic bodies requires that 
YV w
PV -  (}> f  —  iq—  )V .P
Eliminating V from these equations gives
K -
Ph 1
-  I +  Vv/' +
P  V  P%  '-h
For Vertical impact the total energy would be
%
( 2 )
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because P falls through the distance h f 8, and W ’ and the center 
of the be.am through the distance. ($+/\).. Placing (1) and (2)
equal to each other and calling q 1/2 and 5/8 jr.*1/2 , we have 
by solving for 8,
8 ^ w  + vv ft p  p
It should be stated that this deduction assumes that all the 
kinetic energy used in compressing the two bodies in contact at 
She instant of impact is lost; or in other words that the coeffic­
ient of restitution is 0.
The diagrams shown on Plates III, IV, V, and VI, are charac­
teristic diagrams of the deflections recorded on the drum. Plate 
JII gives the record for 50 lbs. for white pine beam Ho. 16. The 
upper of the two parallel lines is the line of zero load from 
which the deflections are measured. The distance between the 
two parallel lines is the deflection for the static load. The 
distance between any two of the vertical lines shown on the plates 
represents one second of time. It is interesting to nooe that xor 
small dropa where no secondary deflections are started, the number 
of vibrations per second is independent of the drop, and that they 
vary inversely as the square root of the load. Plate IV gives
the record of deflections for 75 pound load and Plate V for 100
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pound loud for white pine beam No. 16. Plate VI shows some of the 
diagrams taken from steel beam No. 1. The last one for 100 pounds 
dropped 4 1/2 inches being beyond the elastic limit. -
Plates VII, VIII, and IX show the curve for deflections com­
puted from the formula deduced above using for a static deflection 
(A) a mean obtained as described in finding the coefficient of 
elasticity, and also the observed deflections for wach of the white 
pine beams Nos., 15 and 16, and steel beam No. 1.
From an examination of Plate VU for white, pine beam No. 15 
it is seen that the average variation Of the actual observed 
deflections from the computed deflections with the 50 10. load 
is about 7.5^; with 75 lb. load about 5$; and with 100 lb. load 
about &/o. For white pine beam No. 16 with the 50-lb. load the 
average variation is about 7 per cent.; with the 75-lb. load 9 per 
cent.; and with the 100-lb. load. 9 per cent. For steel beam No. 1 
with the 50-lb. load the difference is 3 per cent.; with the 75-lb. 
loud 3 per cent.; and with the 100-lb. load 5 per cent.
As all the observed deflections are smaller than the computed 
by about the same per cent., a curve parallel to the computed 
curve would represent the. actual deflections very closely. This 
deficiency in the observed deflections is readily explained by the 
presence of some friction, uy -whe possible movement of the knife 
edges, and by the spring of the whole machine. We can therefore
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say that the actual deflections agree with the theoretical, and 
that the coefficient of elasticity is the same under impact within 
the elastic limit as for static loading.
ITo direct determination of the true elastic limit under im­
pact could be made in the experiments, but a comparison of the 
apparent elastic limit under static loading and impact was made. 
Plates X, XI, and XII show the curve of static deflections for 
three white pine, beams. Since the deflections are proportional to 
the loads we Know this curve will be a straight line within the 
elastic limit, and the stress at the point where the actual deflec­
tions begin to increase faster than directly as the loading may be 
considered to be the apparent elastic limit. This point was deter­
mined by static loads for white pine beams No. 6 (Plate X), No.
10 (Plate XI), No. 16 .(Plate XII), and steel beam No 2 (Plate XIII), 
and the maximum fiber stress per square inch at that point was 
computed. The result is indicated upon the plates and the maximum 
fiber stress is given.
To determine the elastic limit under impact experiments were 
made on white pine beam No. 15 and steel beam No. 1. The permanent 
set after each impact was determined and was used to determine the 
elastic limit in case the curve of deflections did not show it.
The theoretical and observed deflections are shown in Plates XIV •
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■arul XV. The curves do not fix the elastic limit, so the maximum 
fiber stress was computed for that loading which produced the first 
marked permanent set.
The stress for apparent elastic limit was computed by the 
formula
mEc A
- 1 3 V  ’
given oh page 79, Merriman’s Mechanics of Materials.
S fiber stress;
1 ^ length in inches;
A  sz, deflection in inches;
E -. coefficient of elasticity;
c -, 1/2 of depth;
m -. 48 for simple beam load at middle;
■q * a a a it
By substituting for A  in the above formula the actual observed 
deflection under impact the apparent elastic limit is found, to be: 
White pine Beam ITo. 15, 5750 lbs. per square inch; and steel beam 
No. 1, 52,000 lbs. per square inch. By static loading for white 
pine beams ITo.s 6, 10, and 16, we get S equals 5534, 3860, and 
5770 lbs. per square inch, and for steel beam ITo. 2, 48,600 lbs. 
per square inch. These results seem to indicate that the -elastic 
limit is the same for impact as for static loading.
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After determining the elastic limit of steel beam No. 1 by 
impact and of No. 2 by static loading, one end was cut off of 
each. These pieces not having been strained to the elastic limit, 
they wore then pulled in the Olsen testing machine with the follow­
ing results: Test piece from steel beam No. 1, elastic limit 
33,460 lbs. per square inch; ultimate tensile strength 59,900 lbs. 
per square inch; and elongation in 8 inches 32 per cent. Test 
piece from steel beam No. 2, elastic limit 39,100 lbs. per square 
inch; ultimate tensile strength, 59,940 lbs. per square inch; and 
elongation in 8 inches 28 per cent.
The high apparent elastic limit found in the beam tests is 
probably due 
only a few of
elastic limit, and a permanent set or distortion occurs only when 
the effect reaches a larger area.
Prom the formula for deflection under impact the external work 
done by P, W, and W ’ equals
i- P  6 +  ( W  A  £
& ■ ■ _
and for work done by a gradually applied loacj 
K - 1/2 Qiw.
to the rectangular form of section. Being rectangular; 
the extreme fibers are at first strained beyond the
A  ^  deflection;
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Q, jz load.
To obtain the elastic resilience of the beams, substitute in 
the above formula for P, h, and S or Q, and , their values at the 
apparent elastic limit. Prom Plate XIII the load and deflection at 
She apparent elastic limit for white pine beam ITo. 15, are,
p - 125 lbs. ;
1.9 ins.
h -, 2.75 ins
K - 577in.-lbs
Prom Plate XII for white pine beam No. 16. with static loading, 
Q, -, 300 lbs. and A  .r, 1.32 ins. at the apparent elastic limit,
1/2 Q,A 198 in.-lbs., or the elastic resilience. Similiarly for 
steel beam No. 1 for elastic resilience under impact, K ^ Sbo ins.- 
Ibs., and for steel beam No. 2 for elastic resilience, static 
loading, K -, 308 in.-lbs.
Table No. 1 gives: 1, the coefficients of elasticity; 2, the 
load and drop with which each of the beams was broken; 3, the load, 
drop, and deflection for the last experiment before rupture; 4, the 
ultimate resilience in .inch-pounds per cubic inch; and 5, the 
Modulus of rupture in pounds per square inch. The ultimate resil­
ience was computed the same as elastic resilience, using values 
of load, drop, and deflection for the last load supported, as
given in the table.
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The moan resilience in inch-pounds per cubic inch under im­
pact is found to be 5.01 inch-pounds, and the mean for beams
*
broken by static loads is 3.82 inch-pounds, or the ultimate resil­
ience as developed by impact is 1.31 times that developed by static 
loads.
The modulus of rupture in pounds per square inch was computed 
for the load just before rupture by the formula S ^ .
The average for beams broken by impact is 9794 pounds per square 
inch, and for whose broken by static loads is 10,300 pounds per 
square inch.
From the experiments and discussions given, the following 
conclusions may be drawn:
1. --For small beams and small drops the observed deflections
agree with the computed theoretical deflections, and hence the 
coefficient of elasticity under impact is the same as for static 
loading. .
2. — The apparent elastic limit is found to be the same for 
impact stresses as for static stresses.
3. — The elastic resilience developed by impact is much greater 
than that for static loading.
4. — The ultimate resilience under impact is larger than for 
static loads.
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5.— The modulus of rupture is practically the same as that
■ for static loads.
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